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Transgenic plants have been produced which have been engineered to produce physiologically significant levels of sugar 
alcohols or polyols, which is not natively produced by plants of the species. Transgenic plants have been engineered to express a 
bacterial mannitol-l-P dehydrogenase which, in the reverse reaction in the plant cells, produces mannitoi from fructose in a plant 
which does not natively produce mannitoi. Levels of polyols in plant cells have been associated with osmotic regulation and 
thereby with water stress tolerance. The transgenic plants have significant research value, and, surprisingly, seem to exhibit en- 
hanced growth rates and vigor, and stress tolerance. Another polyol-producing enzyme gene has been isolated from a stress toler- 
ant plant. 
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Abstract of fhe DisglncjnT-o 
The present invention relates to the general field of 
the genetic engineering of higher plants and relates, in 
particular, to the creation of transgenic plants which 
have been engineered to produce elevated levels of 
polyhydroxylated sugars or polyols. 



Backgroun d of the Invention 
One of the applications of modern biotechnology has 
been to enable the genetic engineering of higher plants. 
By the term genetic engineering, as used here, it is 
intended to describe the insertion into the inheritable 
genetic material of a plant one or more foreign, usually 
chimeric, genes which are either not natively present in 
the plant genome or are not present in the plant in that ■ 
30 form. The transformed plant itself and its progeny which 
carry the inserted gene are referred to as transgenic 
plants , and the inserted gene may sometimes be referred to 
as a transgene. It is important that the inserted foreign 
gene be inheritable by progeny of the original engineered 
35 plant by normal sexual Mendelian inheritance, in other 
words that the germ line of the plant be transformed. 
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The first, and still most widely used, method of the 
genetic engineering of plants is based on the ability of a 
natural plant pathogen, Aqrobacterium tumef aciens . to 
insert a portion of its plasmid DNA, referred to at its 
5 T-DNA (transfer DNA ) , into a host plant. The 

Aqrobacterium plasmid which is responsible for this 
ability is known as "Ti M plasmid, for tumor-inducing, 
since the native function of the plasmid is to induce in 
infected plant cells an oncogenic process which also 
10 produces metabolites on which the bacteria feeds. 

Scientists have learned how to remove the oncogenic 
capability from, or "disarm," the Ti plasmid from 
Aqrobacterium . and then to insert into the T-DNA of the 
disarmed Ti plasmid the foreign gene which is sought to be 
15 inserted into the plant. The Aqrobacterium carrying the 
altered Ti plasmid is then allowed to infect susceptible 
plant cells, and its transfer process carries the foreign 
gene or genes in the T-DNA into the plant cells. If a 
selectable resistance marker, i.e. a transgene which 
20 confers resistance to an antibiotic or herbicide to which 
the plant is susceptible, is incorporated into the Ti 
plasmid, the selection agent can be used to select for the 
transformed plant cells. The- transformed cells can then 
be regenerated into whole sexually mature plants. 
25 The techniques of Aqrobacterium -mediated plant 

transformation have been applied to a large number of 
plants including tobacco, tomato, petunia, cotton, carrot, 
soybean and walnut. The technique may be limited in some 
plants, however, due to limitations in the host range of 
30 Aqrobacterium species (notably to dicot plants) and the 
lack of regeneration protocols for some plants. Other 
approaches have enabled the genetic engineering of most of 
the important plant species not susceptible to 
Aqrobacterium transformation. It is possible to introduce 
35 genes into individual plant cells by electroporation, 
involving electric shock, or by chemical cell wall 
disruption using polyethylene glycol, and these techniques 
have been used to transform protoplasts of rice and other 
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cereals, which are not Aorobacteriuin hosts. For species 
which can be regenerated from protoplasts, this approach 
is practical. Another recently developed technique makes 
use of microprojectiles coated with DNA, which are 
physically accelerated into plant cells . This 
acceleration particle transformation technique has been 
reported to work with tissue cultures of tobacco, with 
suspension cultures of maize and cotton, and with 
meristematic tissue of soybean, poplar, and cotton. 

In general, while transgenic plants are, of course, 
somewhat different from native plants of the species, they 
are generally not radically altered. The transgenic 
plants may carry one or more, sometimes many, copies of an 
inserted foreign gene. The inserted genes can often be 
15 expressed, although for the genes that are expressed, the 
level of expression will vary depending on variables such 
as copy number, site of insertion (which is believed 
random), strength of promoter or enhancers, and character 
of coding sequence. Since copy number and insertion site 
vary with each transformation event, it is usually the 
case that several independently transgenic plant families 
or lines are created, which may have slightly different 
expression characteristics. In general, there do not 
appear to be fundamental differences among the transgenic 
25 plants created by any of these methods, i.e. there is 
variation in the plants, but it is independent of the 
method of transformation. In any event, while not all 
plants have yet been genetically engineered, the presently 
available techniques, and the wide variety of plants to 
which they have been applied, suggest that there are no 
biological barriers to the genetic engineering of any 
plant species. 

In the study of transgenic plants, tobacco and 
Arapidopsis are often used as model systems. This is 
35 because, tobacco is generally one of the easiest plants to 
genetically engineer by Aarobacterium transformation, due 
to the availability well-known and convenient selectable 
markers, and ready regeneration protocols. In general, 
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transgenes which have been expressed well in tobacco have 
been demonstrated to express with similar characteristics 
in other plant species. Tobacco is also typical of stress 
sensitive crop plants in its osmotic regulation and sugar 
5 synthesis. Tobacco does not natively produce mannitol in 
its tissues and has been reported to be unable to 
metabolize mannitol. 

While the procedures for the genetic engineering of 
most of the important agricultural crop species have now 
been developed, there has been somewhat less progress in 
the identification of what foreign traits or genes may be 
usefully inserted into plants. The best known examples so 
far in the technology involve genes which confer 
resistances, for example resistances to herbicides or to 
15 pests. Such genes can confer the desired trait (i.e. 

resistance) with a single transgene. To improve some of 
the more agronomically important traits of plants relating 
to vigor, yield, water or salt tolerance, heat stress, or 
the like, appears initially to be a more difficult 
20 objective. The traits which are associated with these 
qualities are poorly understood, and the gene, or more 
likely, genes, associated with the various traits are 
generally uncharacterized. Accordingly, there is a need 
to identify new classes of traits, or genes, which can be 
25 inserted into crop plants to attempt to make them grow 

better. Even if newly inserted genes do not make a plant 
perform better in agricultural conditions, transgenic 
plants carrying such genes are useful for research 
purposes for investigating how changes in plant internal 
processes (e.g. osmotic regulation) affect the field 
performance of the plants. 

All plants, of course, capture energy in the form of 
sunlight and store energy in a chemical form as sugars. 
However, the sugars which plants manufacture vary in kind 
35 and relative amounts from plant to plant. In addition to 
serving their function of chemical energy storage, some 
sugars or other carbohydrates may also serve to regulate 
the osmotic balance of the plants. The osmotic ability of 
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the plant cells, and the relative osmotic balances among 
the subcellular organelles, may be fundamentally related 
to the ability of plants to withstand stresses of a 
variety of types, such as freezing or salt stress, in 
addition to drought or water stress. Cold, for example, 
may be fatal to plant tissues due to water loss long 
before temperature extremes are reached at which ice would 
crystallize inside plant tissues. This ability to 
withstand water stress may be fundamentally related to 
plant performance in adverse conditions. 

The role of polyalcohol sugars, or polyols, in plant 
metabolism is poorly understood, in spite of the fact that 
up to 30% of the annual global carbon production by higher 
plants may go into polyols rather than simple sugars. Of 
the polyols, mannitol is the most abundant in nature. 
While it is found in about seventy plant families, it is 
not produced at detectable levels in any important 
agricultural field or vegetable crop, other than celery 
( Apiaceae ) , coffee (Rubiaceae) and olive (Oleacea) . 
Mannitol is quite commonly produced in algae and fungi. 

Other polyols are common in some plant species, even 
in some instances in which no metabolic role for polyols 
are apparent. For example, the polyols ononitol and 
pinitol are known to be produced in some plants under 
conditions of stress from drought, salt or low 
temperature, in some of these plants, the polyol produced 
appears to be a dead-end product, i.e. one which has no 
further metabolic role and from which no other metabolite 
is synthesized. This raises the possibility that the 
accumulation of such polyols serves an osmotic regulatory 
role. 

In plants, there are two separate pathways for 
mannitol biosynthesis. One pathway used, for example in 
brown algae, proceeds from the reduction of fructose-6-P 
to mannitol-l-P by mannitol-l-p dehydrogenase, with an NAD 
cof actor, followed by dephosphorylation by a specific 
mannitol-l-p phosphatase. (Mannitol-6-P and mannitol-l-p 
are synonymous.) In celery, the process is different, 
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beginning with mannose-6-P, which is reduced to 
mannitol-l-P by mannose-6-P reductase with an NADP 
cof actor, followed again by dephosphorylation. 

In E. coli , a mannitol catabolic system is known. In 
5 E. coli , mannitol is taken in from the environment and 
converted by phosphorylation to mannitol- 1 -phosphate 
(M1P). Then the NAD dependent enzyme, mannitol 
1-phosphate dehydrogenase, (M1PD) converts the 
mannitol-l-phosphate to fructose 6-phosphate in an 
10 equilibrium reaction. The gene coding for this enzyme, 

referred to as mtlD , has been previously cloned by others. 

One approach to evaluate the role of polyols in plant 
stress response is to examine polyol production in stress 
tolerant plants. There are a number of salt tolerant 
15 plants, referred to as halophytes, which are relatively 
tolerant to drought and cold, as well as salt. 
Unfortunately, most of our important crop* plants are 
salt-sensitive species, referred to as glycophytes. If 
the genes and mechanisms used by halophytes to combat 
20 stress are identified, it may become possible to transfer 
those genes and/or mechanisms into important crop plants 
by genetic engineering. 

One unique system that can be used to identify stress 
tolerance genes and mechanisms is the inducible halophyte, 
25 Mesembrvanthemum crvstallinum , the common ice plant. As a 
facultative halophyte, the ice plant undergoes a set of 
stress- induced biochemical changes to become more stress 
tolerant. One of those changes involve a switch of 
metabolic pathways, i.e. from C3 to crassulacean acid 
30 metabolism, as a water conservation measure. Others of 
those changes were heretofore poorly characterized. 

Summary of the Invention 
The present invention is summarized in that 
transgenic plants are created which have altered 
35 production of one or more sugar alcohols, or polyols, the 
transgenic plants being genetically engineered to produce 
novel polyols in physiologically significant quantities. 
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The present invention is also summarized in that a 
method for altering the carbohydrate constituents of 
higher plants by genetically transforming into the genome 
of the plants a gene conditioning the expression of an 
enzyme which catalyzes the synthesis of a polyol not 
natively produced by that plant species from endogenous 
sugars . 

It is an object of the present invention to describe 
a novel approach to the genetic alteration of higher 
plants so that useful crop plants with new traits can be 
made and so that research in the improvement of crop 
plants can be fostered. 

It is another object of the present invention to 
genetically engineer plants which do not natively produce 
mannitol to produce mannitol . The production of mannitol 
in such plants is useful for research purposes, and may be 
agronomically useful due to the enhanced stress tolerance 
of the . engineered plants. 

It is yet another object of the present invention to 
genetically engineer plants which do not natively produce 
ononitol to produce ononitol. The production of ononitol, 
or its metabolite pinitol, may also increase stress 
tolerance in glycophyte plants: 

It is yet another object of the present invention to 
alter plants to produce new carbohydrates in growing 
plants without deleterious effects to the plant. 

It is a surprising feature of the present invention 
that transgenic plants producing mannitol, which are of a 
plant species which does not natively produce mannitol and 
which has been reported to poorly metabolize mannitol, if 
it can metabolize it at all, are not deleteriously 
affected by the presence of mannitol in their tissue, but 
actually appear to have increased in vigor and stress 
tolerance. 

Other objects, features, and advantages of the 
present invention will be apparent from the following 
specification when taken in conjunction with the 
accompanying drawings. 
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Brief Description of the Drawings 
Fig. 1 is a schematic illustration of the 
construction of the plant .expression vectors p35SMTLDL and 
p35SMTLDS. 

5 Fig. 2 is a schematic illustration of the 

construction of the plant expression vector pRBCSMTLDS . 

Fig. 3 is a chart illustrating the various expression 
vectors constructed by the inventors here. 

Fig. 4 illustrates three graphical illustrations of 
10 the output of high performance anion-exchange 

chromatography with pulsed amperometric detection 
(HPAE-PAD) analysis of the soluble sugars of plant 
tissues. 

Fig. 5 illustrates another three graphical 
15 illustrations of HPAE-PAD analysis of transgenic plant 
tissues . 

Detailed Description of the Invention 
The present invention is directed to a method of 
genetically engineering of plants so as to produce 

20 altered, agronomic or physiological changes in the plants 
.by the alteration of the production of polyhydroxylated 
sugars, or polyols, within the tissues of the plants. In 
particular, it has been found that it is possible to 
genetically engineer a plant which does not natively 

25 produce a particular polyol, such as mannitol, to produce 
physiologically measurable quantities of the polyol as a 
metabolic product, from precurser sugars normally present 
within the tissues of the plant. Surprisingly, the 
production of mannitol by a plant which does not natively 

30 produce it not only fails to create any adverse impact on 
the plant, it seems to foster the growth of the plant 
resulting in a visibly more vigorous and healthy plant. 
This result has been achieved by introducing into the 
genome of a plant a foreign gene coding for expression of 

35 a bacterial enzyme, which is capable under physiological 
conditions present in the cytosol of plant cells, to 
catalyze the production of mannitol from fructose. 
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It has also been found that one of the stress-induced 
mechanisms in facultative halophytes also involves the 
synthesis of polyols. By identification and cloning of 
one of the genes responsible for such stress-response, it 
now becomes possible to begin to directly transfer 
stress-tolerance traits related to polyol production into 
glycophyte species. 

The work that gave rise to the invention described 
herein began as an investigation into the feasibility of 
the alteration of the relative carbohydrate constituents 
of plant tissues. As the technology for genetic 
engineering has became more widely known and appreciated, 
one consequential inquiry has been directed toward what 
useful changes could be made to plants so that they may be 
more readily manipulated, ultimately for better agronomic 
purposes. Alterations in the production of polyols, or 
sugar alcohols, in plants also has an immediate research 
utility, in demonstrating the variations and alterations 
which can be made in plant osmolytes, so that the osmotic 
balance of plant tissues can be better understood. 

One of the objectives of the genetic manipulation of 
plants is to produce plants which are more resistant to 
stresses in the field environment. The overall 
adaptability of plants to water and salt stresses appears 
to be dependent upon the osmotic adjustments which can be 
made by plants during times of stress, and the ability of 
the plants to make such osmotic adjustments appears to be 
dependent on a number of compatible cytosolutes generated 
within the cells of higher plants. Higher plants generate 
a variety of compatible cytosolutes. Included within 
those compounds are various sugar molecules, including 
oligosaccharides and polyols. Thus, one possible way to 
test the ability of plant genetic engineers to vary the 
stress sensitivity of plants would be to alter the polyol 
production within a given plant, and to use that plant to 
investigate what effects could be achieved. It was not 
clear prior to the results reported here that this 
objective was possible, in theory, if one introduces into 
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a plant the ability to synthesize a non-native compound 
from an abundant substrate , in the absence of a metabolic 
pathway for the compound, one might expect the plant 
tissues to accumulate excess amounts of the compound, to 
S their detriment. For example, one might expect that 
polyol biosynthesis would remove plant endogenous 
metabolics from wild type plants and thus alter wild type 
metabolic pathways to the detriment of the transgenic 
plant. Surprisingly, what has been found is that 

10 relatively large amounts of a polyol such as mannitol can 
be produced in plant tissues without harm to the plant, 
even though that plant species has been reported to poorly 
metabolize mannitol. In addition, and even more 
surprisingly, it has been found that the introduction of a 

15 single gene which enables the production of a single 
polyol can have an apparent enhancement of vigor and 
productivity in a plant (i.e. mannitol accumulation), and 
can clearly result in significant biochemical alterations 
of the plant, without undue stress or harm to the plant. 

20 In fact, the transgenic plant actually becomes more stress 
tolerant. 

Another route of inquiry into the same problem was 
directed toward characterizing the stress-response 
mechanisms of stress-tolerant plants. This inquiry was 
25 directed toward the common ice plant, Mesembrvanthemum 
crvstallinum , because this plant is an inducible 
halophyte. By study of the mechanisms which are induced 
in the plant by stress, and contrasting those mechanisms 
with those of the plant in its non- induced state, a better 
30 understanding is achieved of methods for imbuing 
glycophyte plants with stress tolerance. 

It has been found here that one of the stress 
responses in the ice plant is the transcriptional 
induction of a gene encoding a novel methyl transferase. 
35 This methyl transferase has been identified by functional 
assay as a myo- inositol 0-methyl transferase, and is 
involved in the ice plant in the biosynthesis of the 
cyclic polyol D-pinitol. Pinitol is abundantly produced 
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in a number of salt and stress tolerant species, and in 
the ice plant it can accumulate to over 70% of the soluble 
carbohydrate of the plant. • Paul and Cockburn, Jour. Exp. 
Bpt^. 40:1093-1098 (1989). Because myo-inositol is an 
5 ubiquitous plant metabolite, the availability of the gene 
encoding myo-inositol 0-methyl transferase, referred to 
here as Imtl, makes possible the introduction of this 
single gene into a large number of target plant species to 
cause accumulation of ononitol in those plants, by 

10 methylation of myo-inositol. 

Thus, as described below, two separate genes are 
described which are capable of inducing novel polyol 
biosynthesis in transgenic plants. One gene is bacterial 
in origin and the other derives from a stress tolerant 

15 plant. Thus it is apparent that a variety of techniques 
for effectuating polyol accumulation in plants for stress 
tolerance in plants are possible. Each of the two 
exemplary genes enabling these techniques are described 
below. 

20 Mannitol Production Gene 

The gene of bacterial origin was used to demonstrate 
that transgenic tobacco plants have been created which can 
produce mannitol and which have an increased tolerance for 
salt. Prior to the work described here, it was unknown if 

25 plants could be altered to produce mannitol without 

adverse consequences. In fact, since the plant species 
investigated, tobacco, does not normally produce mannitol, 
the production of mannitol in the plant cells could 
rationally have been expected to be adverse to those 

30 cells. Tobacco would not normally be expected to have a 
degradation pathway for a chemical, i.e., mannitol, which 
it does not normally produce, and has been reported to 
poorly metabolize it, Thompson et al., Phvsio. Plant . . 55, 
pp. 365-369 (1986). Based on this, reasonable expectation 

35 of the production of mannitol would be an over abundance 
of mannitol in the cells of the plant, leading to osmotic 
imbalance and the eventual bursting or deformation of 
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plant cells- In fact, for reasons that are yet obscure, 
this has not been the case. In fact, endogenous systems 
within the tobacco plant appear capable of handling and 
reacting with mannitol, in particular transporting it 
5 systemically within the plant preferentially to certain 

portions of the plant itself. Thus, and surprisingly, the 
production of a unique polyol not natively present in a 
plant species has not only filed to harm the plant, but 
the plant seems quite capable of managing the existence of 

10 the polyol within its tissues and of transporting the 

polyol preferentially within the plant without additional 
modifications to the plant genetics being required. 

The inventors of the present invention thus began 
with the goal in mind to alter the polyol production 

15 characteristics of higher plants. To do so required the 
production in plant cells of a heterologous or foreign 
enzyme which would catalyze the production of a desired 
polyol within the cells of plant tissues. The enzymes 
which catalyze the production of polyols in higher plants 

20 were, prior to the work described here, generally poorly 
characterized. Clones for the genes for these plant 
enzymes were not yet available. Therefore, the search for 
a suitable enzyme gene to be transformed into plant cells 
was first directed toward genes for enzymes which have 

25 been characterized in bacterial systems. Since enzymes 
vary in their efficacy over a range of pHs, it is 
appropriate to search for a gene for an enzyme which would 
operate in the pH range of plant cytosolic conditions. 
The enzyme should utilize a substrate which was present in 

30 sufficient quantities in both the cytosol of plants and in 
the chloroplasts. The concentration of the substrate 
within the cytosol, and the chloroplast, should be 
sufficient so as to produce sufficient quantities of the 
polyol to result in biochemical changes to the plant which 

35 can be detected by a reasonably convenient assay. It is 
also preferred that the enzyme either use a readily 
available co- factor, or no factor, so that catalysis could 
proceed in a transgenic plant which had a single 
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transforming gene inserted into it. Therefore it is 
preferred that the enzyme be a simple enzyme, one without 
additional subunits or co-factors required. 

The search for an enzyme meeting the above conditions 
5 was conducted, which resulted in the identification of an 
enzyme known as mannitol-l-P dehydrogenase (M1PD) which 
was identified in E. coli. The gene for this enzyme was 
cloned and been available to researchers in molecular 
biology, as described by Lee and Saier, J. Bact. . 153:2, 
10 pps. 685-692 (1983). The gene for the M1PD enzyme is 

referred to as mtlD. m E^. coli . the enzyme is involved 
in the catabolism of mannitol, which is a carbon source 
for the bacteria. Mannitol is phosphorylated by the 
bacteria to make mannitol-l-phosphate, which is then 
15 dehydrogenated by the M1PD enzyme to make 

fructose-6-phosphate. The only co-factor for the reaction 
is NADH. The reaction is reversible, and the enzyme is a 
single polypeptide requiring no additional subunits and is 
thus active as a single unit. The coding sequence for the 
bacterial gene coding for expression of this enzyme is 
presented as SEQ ID: NO: 1, below, which contains the 
coding sequence for mtlD. This bacterial enzyme operates 
efficiently at an optimum pH between 6.5 and 8.5, which is 
compatible with plant cytosolic conditions. The substrate 
25 for the biosynthesis of mannitol-l-P is fructose-6-P, 
which is plentiful within the cytosol of all higher 
plants, in addition, the co- factor, NADH, is also present 
in higher plants. Accordingly, all the conditions 
necessary for the synthesis of mannitol-l-P from 
fructose-6-P by the introduction of a gene encoding this 
single enzyme seemed in theory to be present in the 
tissues of tobacco. Until the plants were created, it was 
not clear that these conditions were sufficient. 

In the transgenic plants described here, mannitol is 
clearly being produced in physiologically significant 
quantities. The deduced pathway for mannitol synthesis is 
that fructose-6-P is created from free fructose by a 
native process in the plant's cells. Fructose-6-P is a 
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natural indirect product of the photosynthetic sugar 
production process . The fructose-6-P is converted into 
mannitol-l-P by the M1PD enzyme expressed by the mtlD 
gene. The mannitol-l-P is then dephosphorylated by a 
5 non-specific phosphatase native to the plant. While the 
conversion of fructose-6-P to mannitol-l-P may be in 
thermodynamic equilibrium/ the dephosphorylation of 
mannitol-l-P is highly favored and thus this route of 
synthesis does not suggest how the raannitol may thereafter 
10 be metabolized. 

The transgenic tobacco plants produced by the 
insertion of the mtlD gene are not deleteriously affected 
by the presence of the gene. To the contrary , the 
transgenic plants seem at least as healthy and vigorous as 
15 non- trans formed controls. In addition, the transgenic 
plants have proven to have an increased level of salt 
tolerance. In controlled experiments, transgenic plants 
expressing the mtlD gene have remained vigorous under 
conditions deleterious to control plants. Thus the 
20 ability of polyol accumulation to increase stress 
tolerance is demonstrated. 

As described briefly above, several techniques for 
the introduction of foreign single gene traits into higher 
plants are now generally widely known, and can be 
25 practiced by those of skill in the art. Coding sequences 
for introduced proteins, such as the mtlD coding sequence 
in SEQ ID: NO: 1 below, can be combined with suitable 
flanking regulatory sequences, such as promoters and 
terminators, to produce expression cassettes which can be 
30 transformed into plant cells. A variety of techniques can 
be used to introduce such plant expression vectors into 
plant cells. The first developed and most widely used 
technique is, as described above, based on the infectious 
mechanism of Aarobacterium tumef aciens . However, other 
35 techniques such as electroporation of protoplasts, and the 
accelerated particle delivery of nucleic acids to the 
interior of plant cells, have also been developed and 
demonstrated to be effective in creating transgenic 



WO 92/19731 PCT/US92/03826 




-15- 

plants. It is also known and recognized in the industry 
that the introduction of a plant expression cassette 
carrying one or two genes into the genome of a plant 
results in transgenic plants which are capable of 
5 transmitting the inserted transgenes through normal 

Mendelian inheritance to their progeny. While there is 
some variation in the various families, or lines, of 
plants produced using such plant transformation 
techniques, the variations are stable within plant lines 
10 or families, and appear to be dependent upon such 

variations as copy number and locus of genetic insert into 
the genome of the plant. As will be described below, the 
inventors here have created many different independent 
plant lines incorporating the mtlD gene under various 
15 promoters, and all are effective to produce mannitol in 
the transgenic plants in easily measurable quantities. 
The inserted gene is fully inheritable by Mendelian 
inheritance and is effective whether present in a 
homozygous or heterozygous plant, 
20 What is proposed herein is that the same methodology 

may be applied to other higher plants which do- not 
natively produce mannitol. None of the major field crops, 
such as the grains, including corn and wheat, and other 
field crops such as cotton and soybean, and the major 
25 vegetable crops, other than celery, produce mannitol at 
detectable levels or above approximately 5 milli-Molar. 
It has been found herein that the introduction of a single 
gene into tobacco plants results in relatively large 
levels of mannitol production within the cytosol of the 
30 plants. Levels of mannitol in excess of 100 milli-Molar 

are found to be readily measurable, and effective to cause 
visible enhancement of the general vigor and growth of the 
transgenic plant into which the mannitol production trait 
has been inserted. It is specifically intended, and 
35 envisioned herein, that mannitol production can thus be 
created in other plant species both as a laboratory tool 
to investigate the catabolism and storage characteristics 
of polyols in these plant species, and potentially as a 
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strategy to induce increased agronomic or agricultural 
performance for the transgenic plants thus produced. 

As a variant -of the present invention, it is also 
intended that the mtlD gene be inserted into transgenic 
5 plants so as to preferentially produce mannitol in the 

chloroplasts in the transformed plants. The presence of 
the enzyme, and thus mannitol, is desired to be present in 
the chloroplasts specifically on the theory that the 
osmotic protective effects of mannitol will be more 

10 pronounced if present in the chloroplasts. This may be 
done by placing the mtlD coding sequence in a plant 
expression cassette including a 5' transit peptide 
sequence which causes transit of the expressed peptide 
preferentially into the chloroplasts. One such transit 

15 peptide expression cassette is described by Guerineau et 
al., Nucl. Acids Res. 16:23, p. 11380 (1989). As it 
becomes possible to directly transfer genes into cellular 
organelles, this may also prove useful to control the site 
of mannitol synthesis. 

20 Imtl Gene 

As stated above, another avenue of inquiry was toward 
the identification of mechanisms in the salt tolerant 
halophyte, M. crvstallinum , the ice plant, to identify 
genes responsible for its inducible salt tolerance. To 

25 investigate the molecular basis of this inducible salt 

tolerance, a subtracted cDNA library was created which was 
enriched for stress-induced sequences. The cDNA library 
was then analyzed to identify those transcriptional 
products which were preferentially, or dramatically, 

30 increased in expression in the plant following stress 
induction. This was done by comparing the cDNAs from 
stressed and unstressed plants. A number of cDNAs were 
identified which were dramatically up-regulated during the 
process of stress response. Cross hybridization 

35 experiments ultimately indicated that three distinct 
clones were identified from those cDNAs. One of the 
clones has been identified as a gene encoding an enzyme, 



10 



WO 92/19731 PCT/US92/03826 

-17- 

myo-inositol 0-methyl transferase, here denominated by the 
name Imtl. The methyl transferase enzyme is involved, in 
the ice plant, in the biosynthesis of the cyclic polyol 
pinitol. Pinitol is an abundant metabolite in the 
salt-stressed ice plant. This transcriptional induction 
of the biosynthesis of the Imtl gene in the stressed ice 
plant indicates that the production of the polyol s plays a 
crucial role during the adaptation to osmotic stress by 
this facultative halophyte. 

In the ice plant, the pathway of production of 
pinitol begins with glucose-6-P which is converted into 
myo-inositol-l-p and then into myo- inositol. In general, 
myo- inositol can be converted by a methyl transferase into 
either sequoyitol or D-ononitol, depending on the plant 
15 species, which are then converted into D-pinitol. In the 
ice plant, it is D-ononitol that is made. The Imtl enzyme 
is believed to perform the methyl transferase function to 
convert myo-inositol to D-ononitol. 

The cDNA clone containing the coding region for the 
20 gene Imtl has been determined. The sequence is presented 
as SEQ ID: NO: 3 below. The cDNA clone is 1524 base pairs 
long and includes a leader sequence rich in A and T 
residues, and an ATG start codon, followed by an 
uninterrupted open reading frame of 1095 nucleotides. 
25 Analysis of the coding sequence for the Imtl gene predicts 
a hydrophilic protein of 365 amino acids with a molecular 
weight of about 40 kD. A search of the NBRF genetic data 
base reveals a similarity to a bovine pineal gland 
hydroxyindol O-methyl transferase, which was homologous 
over 55% of the entire length of the protein coding 
region. The predicted protein product from the Imtl gene 
was found to be even more closely related to two plant 
bifunctional hydroxymethyl transferases, which methylate 
the lignin monomers caffeic acid and hydroxyferulic acid, 
35 having in excess of 50% identity over the entire length of 
the protein coding region. 

All this suggests that the possible role for this 
methyl transferase in the salt stress response in the ice 
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plant is the initiation of the biosynthesis of pinitol. 
Pinitol accumulates to high levels in the ice plant at the 
same time as the transcript of the Imt gene appears at 
high levels in the cytosol of the plant. To substantiate 
5 the hypothesized physiological role of the Imt gene in 

pinitol biosynthesis, the gene has been introduced into a 
suitable expression vector and expressed in E. coli . The 
bacterial lysates from the transformed E. coli were tested 
for myo-isotol hydroxymethyl transferase activity. In 
10 that lysate, a protein of molecular mass of approximately 
40 kD was identified which co-migrated on polyacrymalide 
gels with a trans lational product created by transcribed 
copies of the Imtl clone created in vitro . Extracts from 
E. coli cells, both control cells and cells expressing the 
15 Imtl gene, were assayed for myo-inositol-dependent 

O-methyl transferase activity was conducted. The expected 
activity in the transformed extracts was found and the 
activity was lacking in the controls. The enzyme produced 
by the Imtl gene was found capable of methylation of 
20 myo-inositol to produce ononitol, the methylated 
intermediate in pinitol biosynthesis. 

The fact that an inducible gene associated with 
stress tolerance in an inducible salt-tolerant plant is 
responsible for the synthesis of a cyclic polyol is highly 
25 supportive of the thesis that accumulation of polyols in 
plant cells is associated with increased stability to 
withstand stress. This conclusion is thus supported by 
data of two independent types. First, as noted in the 
first example described above, a bacterial gene encoding 
30 an enzyme capable of conditioning the production of 
polyols in plant cells has given the plant enhanced 
stability to withstand salt stress. Secondly, the native 
genes found in plants also associated with salt stress do 
include genes encoding enzymes responsible for polyol 
35 synthesis. Hence both observations support the conclusion 
that otherwise stress intolerant plants can be made more 
stress tolerant by the introduction into those plants of 
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gene systems encoding enzymes responsible for polyol 
accumulation in the cells of those plants. 

It is also believed that the surprising results 
achieved here suggest that other non-native polyols may 
5 also be produced in crop plants without damage to the 

plants and with potential benefit. Suitable enzymes can 
be found to produce in plant cells other sugar alcohols, 
such as ribitol, erythxitol, xylitol, arabitol, sorbitol, 
inositol, methyl-inositol, dulcitol, galactitol and 
10 heptitol. in addition to the sugar alcohols identified 

above, the term "polyol" as used here is intended to apply 
to both the polyalcohol sugars plus immediate derivatives 
of them, such as methylated polyols. These other polyols 
can be produced in higher plants by a method similar to 
15 the production of mannitol described here, i.e. by 

identifying enzymes which can catalyze the synthesis of 
the desired polyol from available substrate in the plants' 
cells and by introducing a gene for the enzyme into 
transgenic plants. The transgenic plants thus produced 
will accumulate in their cells one or more polyols not 
natively produced by plants of that species, or present in 
plants of that species only in much lower amounts. 
Producing a polyol in a plant' in amounts ten times greater 
than native levels may produce stress-resistance, and 
levels of polyols in excess of 20 to 100 times greater 
than native plants can readily be obtained. 

The following are examples reciting the precise 
protocol used by the inventors here. It is to be 
understood that these examples are illustrative of the 
present invention and not limiting thereof. 
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EXAMPLES 

Example 1; Ra^ terial mtlp gene 

Construction of plant expression vector/plasmids 
The construction of the plasmid p35SMTLDL began with 
35 the plasmid pCD7.5, which is described in Lee and Saier, 
J - Bact - 153:2, pp. 685-692 (1983). The digestion of 
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copies of pCD7.5 with the restriction enzymes NSI 1 and 
Pst I resulted in a 1.5 kilobase fragment, which contained 
the entire E. coli coding region for the mtlD structural 
gene together with 150 base pair untranslated leader 
5 sequence. This 1.5 kilobase fragment was then subcloned 
into the Pst I site of an expression vector derived from 
p35SCATNOS, from which the CAT gene had been deleted. The 
plasmid p35SCATN0S has been described by Fromm et al., 
Proc. Natl. Acad. Sci. (VSA) 82, pages 5824-5828 (1985) 
10 and Fromm et al., Nature , 319, pages 791-793 (1986). The 
subcloning of the fragment into the expression vector 
resulted in a plasmid designated p35SMTLDL. This 
procedure is illustrated schematically in Fig. 1. 

This vector was then altered to delete the 150 base 
15 pair 5' untranslated leader from the bacterial mtlD 

structural gene, by blunt-end subcloning the fragment 
produced by digestion of p35SMTLDL with the enzymes Ava 1 
and Pst I into additional copies of the plasmid 
p35SCATNOS, creating an alternative expression vector 
20 designated p35SMTLDS. The suffixes "L" and "S" represent 
"long" or "short," referring to the leader sequence. Both 
of the vectors p35SMTLDL and p35SMTLDS included coding 
regions for the gene mtlD located behind the cauliflower 
mosaic virus 35S promoter, a promoter known to be highly 
25 active and resulting in a high level of expression of 

foreign genes transformed into plant cells. The vectors 
may be compared by reference to Fig. 3. 

A second set of expression vectors contain the mtlD 
gene behind the nopaline synthase promoter from 
30 pNOSCATNOS, also described by Fromm et al. supra. The 
manipulations were exactly analogous to those described 
above, creating two plasmids designated pNOSMTLDL and 
pNOSMTLDS/ each of which included the mtlD structural gene 
located behind the nopaline synthase promoter from 
35 Aqrobacterium tumef aciens . 

Additional copies of the plasmid p35SMTLDL were 
digested with the enzymes Ava I and Eco RI, and then blunt 
ended. The resulting 1600 base pair fragment was then 
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isolated by electrophoresis and ligated to a plasmid 
designated pBI131, as described by Jefferson et al. in 
EMBO Journal 6, pages 3901-3907 (1987), which had been 
digested with Sma 1, creating a vector designated 
5 pRBCSMTLDS . This vector contained as a promoter the 
rubisco small subunit promoter from tobacco, which has 
previously been demonstrated to be a light activated 
promoter, conditioning expression of genes only in 
photosynthetic tissues or other tissues of plants exposed 

10 to incidental light radiation. 

An additional plasmid pD35SMTLDL was created, in a 
manner similar to p35SMTLDL, except that the expression 
vector pJIT117, described by Guerineau et al., Nucleic 
Acids Research 16:23, p. 11380, (1988), was digested with 

15 the enzymes Hind III and Sph I, blunt-ended, religated, 

and then digested with Pst I. This plasmid contained the 
mtlD structural gene located behind a cauliflower mosaic 
virus 35S promoter, and an untranslated enhancer sequence 
also from the cauliflower mosaic virus. 

20 The plasmid, pCABMTLDL, was created by separately 

digesting a plasmid designated pKHlll (Harkins et al., 
Proc. Natl. Acad. Sci. fUSA) 87, pages 816-820 (1990)) and 
the plasmid pUC18 with the enzymes Eco RI and Sma I, 
isolating the 1750 base pair fragment containing the CAB 

25 promoter from the pKHlll digest, and ligating the fragment 
with the linerized copies of pUC18. The CAB promoter 
refers to the promoter from the chlorophyll AB binding 
protein gene. This vector was then digested with Pst I, 
and the fragment containing the mtlD structural gene above 

30 was ligated to Pst I digested pUC18 vector. This vector 
was then digested with Pst I and ligated to a Pst I 
digested vector fragment containing the 300 base pair 
nopaline synthease terminator from p35SMTLDL which was 
isolated by digestion with Pst I and Eco RI from that 

35 plasmid. 

All of the plant expression vectors, described herein 
were subcloned into a disarmed binary vector, Binl9, for 
insertion into plants as described by Bevan Nucleic Acids 
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Research 12, pages 8711-8721 (1984). The binary vector 
system separates the virulence function from the Ti 
plasmid from the T-DNA. This was accomplished by making 
Hind III digests of p35SMTLDL, p35SMTLDS, and pRBCSMTLDS 
5 and by using Eco RI and Hind III digests of pNOSMTLDL, 

pNOSMTLDS, and pCABMTLDL. For the plasmid pD35SMTLDL, the 
digestion was with Sst I and Xho I. Each of these 
expression cassettes was subcloned into the corresponding 
restriction sites of the disarmed binary vector Binl9. 

10 Transformation of Plant Tissue 

The recipient plant used for all the transformation 
experiments described herein was tobacco, Nicotiana 
tabacum cv SRI. 

To perform the transformation experiments, the Binl9 
15 expression vectors were each separately introduced into 
cultures of non-oncogenic Aarobacterium tumefaciens 
(strain LBA4404) via the triparental mating technique 
described by Bevin, Nucleic Acids Research 12:8711-8721 

(1984) . The presence of the gene constructions in the A^ 
20 tumefaciens was confirmed by Southern Blot analysis. The 

nonocogenic A. tumefaciens was then used to perform 
tobacco transformation/regeneration techniques essentially 
as described by Horscht et al. Science 227 pages 1229-1231 

(1985) . 

25 Briefly recapitulating the procedure, the A. 

tumefacien cultures were cultured for three days at 28*$ C 
on MSO plates (MSO medium containing one vial per liter of 
MS salts, 5 ml/1 200 x vitamins-20 ,000 mg/ml myo-inositol, 
100 mg/ml nicotinic acid, 100 mg/ml pyridoxine-HCL, 400 

30 mg/ml thiamine-HCL and 400 mg/ml glycine-30 g/L sucrose, 
pH 5.8 with KOH, 8 g/L agar). The A. tumefaciens culture 
is transferred to 7 milliliters of liquid MSO medium as 
described above, only lacking agar. After bacterial 
resuspension, young sterile leaf tissue pieces of the 

35 tobacco plants were cut in 0*2 to 0.5 centimeters squares 
and were incubated for 10 to 20 minutes in the bacterial 
suspension. The leaf tissues were then transferred onto 
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MSO agar plates, and allowed to co-cultivate with the 
bacteria for 48 hours at room temperature. Following 
co-cultivation, the leaf tissue was transferred to a shoot 
inducing medium designated MSS, which consists of the MSO 
medium and agar plus 0.5 mg/L 6-benzyl amino purine, 400 
mg/L carbenicillin and 400 mg/L kanamycin, on which the 
shoots were allowed to grow for about four weeks. The 
resulting tobacco shootlets were cut from the callas 
tissue and transferred to a root inducing medium, similar 
to MSS described above except 2 g/1 sucrose, 8 g/1 glucose 
and 200 mg/1 carbenicillin and 75 mg/1 kanamycin. The 
shootlets were allowed to root for about four weeks. 
Following rooting, the plantlets were removed from sterile 
magenta boxes and placed in soil. The plants could then 
15 be moved to green house conditions, under which they grew 
normally into whole sexually fertile and mature tobacco 
plants. The transgenic plants, as evidenced by mannitol 
content, were self-pollinated to obtain transgenic progeny 
and to confirm Mendelian segregation. 

20 Biochemical Chara cteristics of the Transgenic Plants 

The presence and expression of the transgenes in the 
regenerated (RO) and progeny (Rl) plants was confirmed by 
analysis for the presence of mannitol. No control, 
nontrans formed but regenerated, plants evidence detectable 
25 levels of mannitol. Approximately two hundred separate 
transgenic plant lines containing mannitol have been, 
recovered. Measured mannitol levels typically exceeded 
lOOmM in the transgenic plants . Normal levels of the 
common sugars, sucrose, fructose and glucose, were found 
to be maintained by the plants that produced mannitol . . 

To perform the analysis, leaf material segments were 
extracted from the young axenically grown plants 
transformed with the constructions p35SMTLDL, p35SMTLDS 
and pRBCSMTLDS . The leaf material segments, approximately 
35 3 centimeters in length, were extracted for soluble 

carbohydrate, which was then eluted by high-performance 
anion-exchange chromatography coupled to amperometric 
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detection (HPAE-PAD), to analyze the carbohydrate content 
of the tissues, using the technique of Lee, Analvt . 
Biochem. , 189, pp. 151-162 ( 1990 ) . 

Results of the HPAE-PAD separation of soluble 
5 carbohydrate extracts in the plants is illustrated by 

three chromatographic separations illustrated in Figure 4. 
Within Figure 4, there are three output representations of 
the HPAE-PAD analysis of leaf materials. The three 
chromatographic outputs are designated 12, 14 and 16. 
10 Curve 12 illustrates the HPAE-PAD separation output of 
soluble carbohydrate extract from a leaf of a 
non-transf orraed, regenerated control plant. Within curve 
12, the reference numeral 18 is placed where the elution 
characteristic of mannitol would be indicated, arid the 
IS reference numeral 20 indicates that associated with the 
simple sugar sucrose. 

The HPAE-PAD separation output indicated at 14 
represents the chromatographic profile from an extract 
from a leaf from an untrans formed, regenerated plant, to 
20 which had been added mannitol in an amount of 0.25 

nanomoles, as a positive control. Indicated at 22 is the 
peak associated with the retention time of mannitol, and 
indicated at 24 is the peak for sucrose. 

Illustrated in curve 16 is the HPAE-PAD separation 
25 chromatograph for a transgenic plant transformed with the 
plant expression vector, p35SMTLDL. Indicated at 26, is 
the peak associated with the elution characteristic of 
mannitol, and at 28 is the peak for sucrose. 

It can readily be seen with reference to the curves 
30 illustrated in Figure 4 that the transgenic plant exhibits 
a peak for mannitol production not present in the 
nontrans formed samples. Thus, the transgenic character of 
the plant is clearly indicated by the presence in the 
plants of a catalytic reaction product, not present in 
35 native transformed tobacco tissues. Similar profiles were 
found with other transgenic plant families. Mannitol 
content was often within the range of sucrose content, and 
on occasion exceeded it. 
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One surprising and consistent anecdotal observation 
made during the regeneration of the transgenic plants, 
transformed with the vectors and genes described herein, 
is that the transformed plants appeared generally greener 
5 and more vigorous than similar nontrans formed, control 

plants being simultaneously regenerated. While it might 
have been suspected that the production of mannitol would 
detract from the production of other carbohydrates 
necessary to plant growth and vigor, it has been found 
10 surprisingly that the transgenic plants seem actually to 
generally outgrow and develop faster and more vigorously 
than similar plants regenerating from tissue culture which 
have not been transformed. The exact reason for this 
apparent increase in growth rate and vigor is obscure, but 
it clearly indicates that the production of indigenous 
mannitol within the cells of the plants is not deleterious 
to overall plant growth and health and may, in a manner 
yet to be determined, actually be beneficial to the 
overall health and vigor of the transgenic plants creating 
w this compound within their cells. 

Another surprising result produced by the transgenic 
Plants within the present invention is illustrated by the 
HPAE-PAD outputs illustrated in Figure 5. These outputs 
are associated with a transgenic plant which was 
transformed with the vector pRBCSMTLDS . As it may be 
recalled, the promoter associated with this expression 
vector is from the rubisco small subunit, and has been 
previously demonstrated to be light activated. Therefore, 
xt would be expected that analysis of the various tissue 
parts of the transgenic plant which contains this 
particular expression vector would indicate mannitol 
production only in the leaves or other green tissues of 
the plant. One might expect to find only trace amounts of 
mannitol in the subsoil portions of the plant, m fact, 
surprisingly, this is not the case. Referring to the 
HPAE-PAD separation chromatographs illustrated in Figure 
5, the reference numeral 30 indicates the characteristic 
of a HPAE-PAD separation analysis of soluble sugars from 
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the root material of a transgenic plant transformed with 
this expression vector . In that signal, the position of 
the peak for mannitol is indicated at 32, and the peak for 
sucrose is indicated at 34. A second HPAE-PAD output 
5 signal is indicated by the reference numeral 36, in which 
the output position for mannitol is indicated at 38, and 
for sucrose is indicated at 40. Finally, at 42 a 
chromatograph is illustrated in which the mannitol 
location is indicated at 44, and the sucrose position is 
10 indicated at 46. 

The graph 42 represents, in Figure 5, the control 
experiment. The signal is taken from root material from 
an un trans formed, but regenerated plant. As would be 
expected in this negative control, there is no indication 
IS of the presence of detectable mannitol within this root 
tissue. The signal 36 represents the output from leaf 
material isolated from a transgenic plant, the same plant 
from which the root extract in signal 30 was taken. As 
may be seem from this function, mannitol is present in 
20 significant levels within the transgenic plant tissues. 

Based on the area underneath the curve as illustrated- in 
this figure, mannitol was estimated to be about 8% of the 
total sugar content of the leaf material, and was clearly 
several times less than that of sucrose. What is 
25 surprising is that graph 30 represents the separation of 
soluble sugars from root material from that same plant. 
In this curve, it would appear that mannitol represents 
more than 35% of the total amount of sugars detectable in 
root material, and appears to be at least several times 
30 greater than the abundance of sucrose within this tissue. 

This result is unexpected and very surprising. Since 
mannitol is not natively present within the tissue of 
tobacco plants, one would not expect that there would be a 
transport mechanism existing within the plant capable of 
35 efficiently transporting mannitol from the leaves to the 
roots. But apparently, such a system exists, since the 
promoter giving rise to the mannitol in the plant through 
soluble sugars are separated in the chromatographs of 
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Figure 5 was transformed with a light-activated promoter. 
Accordingly, this would indicate that mannitol is being 
produced within the leaves, and is being transported 
through a yet uncharacterized mechanism from the leaves 
down through the plant for storage in the roots. Clearly 
the presence of such significant levels of an osmotic 
protectant in the root offers the potential for stress 
relief for the plant, by making the plant less sensitive 
to variations in moisture levels within the soil. 
Although this result cannot be assured from the research 
conducted to date, clearly, this establishes that unique 
and surprising effects of soluble sugar contents of plant 
tissues are created through the use of this technology, 
which have results which are surprising and clearly useful 
in research to ascertain in greater detail the mechanisms 
of plant sugar storage and transport. 

Plant tissues may in the future also be transformed 
with plant expression vectors constructed to include a 
transit peptide for chloroplast transport. It is expected 
that the transgenic plants recovered expressing such 
vector will preferentially accumulate mannitol in the 
chloroplasts. Field testing will reveal the extent to 
which such accumulation confers additional resistance to 
moisture stress under field conditions. 

Salt Tolerance Test of Transgenic Plants 
To test whether or not the effects of the 
introduction of the MtllD gene into the transgenic plants 
truly resulted in tolerance to stress conditions, a 
controlled test was undertaken comparing the stress 
tolerance to salt of both the transgenic tobacco plants 
and control, i.e., untransf ormed tobacco plants. This 
test was conducted using salt tolerance, with salt 
concentration at half sea water- strength. 

The growth of both control (untrans formed) and 
transgenic tobacco plants expressing the Mtll gene were 
evaluated for salt tolerance. Both control plants and 
transformants were grown hydroponically in the same growth 
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room. After four weeks of hydroponics , without exposure 
to salt r groups of both control and transgenic plants 
received nutrient solutions which were supplemented with 
NaCl at 250 mM. The other remaining plants received 
5 nutrient solution alone. All the plants were photographed 
at 3 to 4 day intervals for up to a month. After a month 
of culture under these conditions, the plants were 
evaluated for height , fresh weight, and for mannitol 
content in the root and leaves. Growth perimeters from a 
10 total of 3 independent transf ormants were compared with 
the controls. Each experimental group (a total of 3) 
contained at least 4 replicates each of the controls on 
the transf ormants . 

In the absence of NaCl, both the control and 
15 transgenic plants showed no significant differences in 
height, onset of flowering, or fresh weight as a 
percentage of initial weight at the commencement of the 
experiment. However, for each experimental group exposed 
to salt in the nutrient solution, the mannitol-producing 
20 transgenic plants had significantly greater mass at the 
end of the experiment. The typical transgenic plants 
appeared visibly more robust and less chlorotic than did 
the control plants. In several cases, the 
mannitol-synthesizing transgenic plants not only survived 
25 the salt treatment, but the plants continued to grow and 
ultimately flowered. In virtually all cases, the control 
plants exposed to salt treatment were unable to survive. 
Because the transgenic plants containing the mannitol 
production trait grew in the salt solution, their heights 
30 were significantly greater than those of the controls. A 
side-by-side comparison of plants with and without salt 
indicated that both control and transgenic plants not 
exposed to a salt nutrient solution grew taller, flowered 
earlier, and had greater overall size than plants which 
35 were exposed to the salt solution. However, a similar 

comparison of plants exposed to the salt solution between 
the control and the transgenic plants revealed that the 
transgenic plants grew significantly taller, flowered, and 
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had greater overall size than the control plants exposed 
to salt solution. 

Enable ment of other Constructs 
Presented below is the complete nucleotide sequence 
for the mtlD gene and the amino acid sequence of the 
expressed protein. Plant genetic engineers of ordinary 
skill in the art will be able to utilize this sequence to 
make expressing mtlD genes either by using hybridization 
probing to recover the gene from E. coli . or to construct 
synthetic coding sequences using oligonucleotide.-. 
However it is done, once the coding sequence has been 
obtained, it is possible to construct suitable plant 
expression vectors such as those described above for 
transformation into plants, it is envisioned that such 
plant expression vectors can be constructed for use with a 
variety of crop plants, other than the model species 
tobacco described herein/ so that mannitol can be created 
in plant tissues which do not natively produce this 
polyol . 

Set forth below are the nucleotide and amino acid 
sequences for the mtlD gene and corresponding M1PD enzyme. 
While these sequences are believed completely accurate, 
given the state of the art in sequence analysis and 
processing occasional base pair errors may be present. 
25 such errors will not prevent the utilization of this 
sequence, without undue experimentation, by those of 
ordinary skill in the art. 

Example 2; Plant: Imtl aena 

Identi fication of the Cans 
This work was undertaken to identify the 
environmentally-induced changes in the expression 
characteristics involved in the adaptation of the ice 
plant to salt stress. This was done by constructing and 
differentially screening a subtracted cDNA library 
35 enriched for stress-induced sequences. First, cDNA was 
generated from poly A+RNA that had been isolated from 
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7-week old soil-grown plants, which had been stressed with 
500 mM NaCl for 10 hours. At 10 hours of exposure to 
salt, normally ice plants Start to recover from 
stress-induced transient wilting, and are beginning to 
5 accumulate the mRNAs associated with alterations of the 
essential metabolic characteristics of the plant. Three 
cycles of differential screening of approximately 10 5 
plaques with labeled first-strand cDNAs from stressed and 
unstressed plants yielded 8 inserts which were 
10 consistently more abundant in the stressed plant tissues. 

Cross-hybridization experiments indicated that the inserts 
represented 3 distinct clones. One of the clones, a 1.6 
k.b. insert now referred to as Imtl , was chosen for 
further analysis. 

IS Expression of Imtl mRNA 

Expression of the Imtl transcript was analyzed on 
northern blots of RNA produced from root and leaf tissues 
of hydroponically grown ice plants. Total RNA was 
isolated from unstressed plants and also from plants 
20 harvested at several time points over the course of a 
6-day stress regimen with 400 mM NaCl. The Imtl cDNA 
probe hybridized to a salinity- induced mRNA of 
approximately 1.6 kD in both leaf and root RNA. The 
pattern of induction differed between leaf and root 
25 tissues. In unstressed leaf tissue, the Imtl transcript 
product was present at very low levels. The transcript 
accumulated gradually in stressed leaves, being detectable 
after 6 hours of stress but inconspicuous until the second 
day, after approximately 30 hours of stress. Accumulation 
30 of the transcript in leaves reached a maximum by the sixth 
day of salt stress treatment. By contrast, the Imtl 
transcript was transiently up-regulated in root tissues, 
rising from undetectable levels to a maximum level of 
expression during the second day of stress. 
35 Interestingly, the mRNA completely disappeared from roots 
by the time of maximum expression in leaves. Blot 
dilutions of both leaf and root RNA indicated that, at 



WO 92/19731 PCI7US92/03826 

-31- 

times of relative maximum expression, the transcript was 
25 times more abundant in leaves than in root. 

Genomic Analy sis 
The- Imtl transcript induced in leaves and roots is 
encoded by a single nuclear gene or, possibly, a small 
interrelated gene family. Nuclear genomic DNA from ice 
plant was digested with various restriction enzymes and 
resolved by 1% agarose gel and Southern-blotted along with 
genome copy number equivalent of the cloned cDNA from SEQ 
ID: NO: 3 below. The blots were probed with 32 P-labeled 
cDNA fragments and signal intensities were quantified by a 
Beta scanner (Betagen, Inc.). The probes were specific to 
either the 5 '-coding region or the 3' non-coding end of 
the cDNA. Probes hybridized with single bands of equal 
intensity in each lane. High stringency wash conditions 
were identical to those used for Northern blots. 
Comparison of the band intensities with their copy number 
reconstituents suggests that the bands likely represented 
a single gene. 
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Sequence Ana ly sie 
To gain sight into the biochemical and physiological 
function of the Imtl protein, the sequence of the cDNA was 
determined. That sequence is presented as SEQ ID: NO: 3 
below. The sequence is 1524 base pairs long. The 
sequence contains a leader rich in A and T residues, and 
an atg start codon, followed by an uninterrupted reading 
frame of 1095 nucleotides. The 3' end of the long 
non-coding region of 383 nucleotides includes two possible 
adenylation recognition sequences upstream of the 31-base 
pair polyA tail. 

Shown in SEQ IDs NO: 4 below is the predicted protein 
sequence derived from Imtl nuclear sequence data. This 
predicted polypeptide of 365 amino acids would be 
hydrophylic, with a molecular mass of 40 kD. 
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Expression of Imtl and E. coli 
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To verify the enzymatic activity of the protein 
encoded by the Imtl gene, the coding region from the Imtl 
gene of SEQ ID: NO: 3 below was incorporated into an 
expression vector for expression in the bacterial host £_•_ 
coli . The full Imtl open reading frame was cloned into a 
Bluescript KS+ vector as a transcriptional fusion in both 
orientations behind the T7 polymerase promoters. 
Constructs were transformed into E. coli strain BL21 (DE3) 
cells, which contained the gene encoding the T7 polymerase 
under the control of an isopropyl-beta-thiogalactoside 
(IPTG) -inducible promoter. A fortuitously located AAGAG 
sequence in the 5' leader of the cDNA was predicted to act 
as a ribosorae binding site in E. coli , IPTG was added to 
cultures at a final concentration of 0.5 mM, 4 hours 
before harvest. The protein expression was analyzed by 
SDS-polyacrylimide gel electrophoresis on 10% acrylimide 
gels. Samples were prepared by boiling aliquot s of the 
transformed E. coli cultures for 2 minutes in an equal 
volume of SDS extraction buffer. 

Soluble protein from E. coli transformed with the 
Imtl expression construct or native Bluescript KS+ vectors 
was extracted from 20-200 ml cultures centrifuged at 2500 
g for 10 minutes, and resuspended in methyl transferase 
extraction buffer (MTEB) , using 1 ml of MTEB buffer per 20 
ml of Ej. coli culture. The MTEB buffer includes 100 mM 
Tris-Cl pH 8, 10 mM EDTA, and beta-mercaptoethanol , at 1 
ml per 20 ml of culture. The cells were lysed by 
sonication, and extracts were clarified by centrifugation 
at 10000 g for 20 minutes. The total protein 
concentration was determined. Supernatants were either 
used immediately for assays or stored at -70 °C with 5% 
glycerol . 

With the soluble protein so extracted, methyl 
transferase assays were conducted. Aliquots of 200 
microliter volume containing 1 mg total soluble protein 
were dissolved in 50 mM Tris-Cl pH 8, 10 mM MgCl2/ and 1.0 
mM myo- inositol. Assays were pre-incubated at 30°C for 5 
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minutes, and initiated by the addition of 
S-adenosyl-l-methionine (SAM) to a final concentration of 
0.5 mM. SAM stock solution contained unlabelled SAM 
(Sigma) and 14 C-labeled SAM (ICN Biochemical s ) at a 50:1 
ratio. Assays were carried out at 30°C for 30-120 minutes 
and terminated by transfer to ice and chloroform 
extraction. The aqueous phase was subjected to further 
processing in HPLC analysis. 

For HPLC analysis, samples were prepared by 
extraction with a 2 times volume methanol/chloroform/water 
(12:5:3) followed by the addition of 0.4 ml water. A 
desalting column of HG50WX4 (BioRad) in Amberlite IRA-68 
(Sigma) in OH-form was used to desalt extracts and to 
remove charged species. Samples were dried, dissolved in 
deionized water, and filtered through a nylon Acrodisc 13 
(Gelman). Equal amounts of dissolved carbohydrates from 
each assay were resolved in a 300 x 7.8 mM HPX 87 C 
calcium-form ligand exchange column (BioRad) at 85 °C with 
a 0.6 ml per minute flow rate using de-gased, de-ionized 
20 water as an eluent. Post-column NaOH was added at 0.3 M, 
0.6 ml per minute, and traces were obtained using a pulse 
amperometric detector at 35°C and a Spectrophysic SP4290 
integrator. Fractions were collected at 7.5 seconds or 
0.5 minute intervals and scintillation counted. 

The result of the HPLC analysis indicated that the 
Imtl gene encodes an SAM-dependent myo-inositol 0-methyl 
transferase. The radio active-carbon labeled product of 
the assays of the E . coli extracts was visible on HPLC 
traces as a distinct peak with a retention time of 
slightly under 11.1 minutes. That same peak was not 
present on assays from control extracts. To establish 
that the methylated myo-inositol generated by the Imtl 
protein was ononitol, the methylated intermediate in 
pinitol biosynthesis, its retention time was compared to 
the retention time of methyl -myo-inositol standards. 
There are 4 mono-methyl-myo-inositol isomers: sequoyitol, 
ononitol, and D-L-bornesitol . Only ononitol and 
sequoyitol are possible precursors for pinitol, and only 
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ononitol has been documented as the precursor to pinitol 
in angiosperms. Extracts from control E. coli were spiked 
with such standards and analyzed in parallel by HPLC. The 
retention times of sequoyitol and bornesitol were 11.5 and 
5 12.2 minutes respectively. Ononitol, however, displayed a 
retention time identical to that of the reaction product 
from the transformed E. coli . 

These results demonstrate that the Imtl gene isolated 
and the sequence of which is presented below, is 
10 responsible for an induced production of polyol 

accumulation as a part of the stress response of the ice 
plant. Since the full coding sequence of the protein 
coding region of this gene is presented below, the 
incorporation of this gene into cloning vectors and the 
15 insertion into transgenic plants is now possible. Since 

the substrate upon which the enzyme acts, rayo-inositol, is 
ubiquitous in plant tissues, another mechanism has been 
presented here which is capable of transfer into other 
plant species to induce accumulation of non-native polyol s 
20 in those plant species. 

It is also to be understood that the present 
.invention is not to be limited to the particular 
embodiments described herein, but embraces all such 
modifications and variations thereof as come within the 
25 scope of the following claims. 
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SEQUENCE LISTING 



(1) GENERAL INFORMATION: 



(i) APPLICANT : Tarczynski, Mitchell C. 

Jensen, Richard G. 
Bohnert, Hans J. 

(ii) TITLE OF INVENTION: Transgenic Plants With Enhanced Mannitol 
(iii) NUMBER OF SEQUENCES i 4 

(iv) CORRESPONDENCE ADDRESS: 

(A) ADDRESSEE: Quarles & Brady 

m ssr Li?™ 0 * ni3 ' mst »•» 

(D) STATE: WI 

(E) COUNTRY: USA 

(F) ZIP: 53701-2113 



(v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER t IBM PC compatible 

25 (C) OPERATING SYSTEM: PC-DOS/MS-DOS 

(D) SOFTWARE: Patentln Release #1.0, Version #1.25 

(vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: US 
30 (B) FILING DATE: 

(C) CLASSIFICATION: 

(viii) ATTORNEY/ AGENT INFORMATION: 
( A ) NAME: Seay, Nicholas J. 
J:j (B) REGISTRATION NUMBER: 27386 

(C) REFERENCE/ DOCKET NUMBER: 9221490026 

(ix) TELECOMMUNICATION INFORMATION: 
, rt (A) TELEPHONE : (608)251-5000 

40 (B) TELEFAX: (608) 251-9166 

(2) INFORMATION FOR SEQ ID NO:l: 

45 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1153 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 
5Q (D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(iii) HYPOTHETICAL: NO 

35 (iv) ANTI-SENSE: NO 



SUBSTITUTE SHEET 



WO 92/19731 ^ _ PCI7US92/03826 

-36- 

(Vi) ORIGINAL SOURCE: 

(A) ORGANISM: Escherichia coli 

(B) STRAIN: ratlD mutant 239 

S (ix) FEATURE: 

(A) NAME/KEY: CDS 

(B) LOCATION: 5.. 1153 

(C) IDENTIFICATION METHOD: experimental 

(D) OTHER INFORMATION t /codon_atart- 5 

10 /product- "raannitol-1 dehydrogenase" 

/evidence- EXPERIMENTAL 
/gene- "mtlD" 
/number- 1 

15 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l: 

ACTT ATG AAA GCA TTA CAT TTT GGC GCA GGT AAT ATC GGT CGT GGC TTT 49 
Met Lys Ala Leu Hia Phe Gly Ala Gly Aan lie Gly Arg Gly Phe 
^ 1 5 10 15 

ATC GGT AAA CTG CTG GCA GAC GCG GGT ATC CAA CTG ACG TTT GCC GAT 97 
He Gly Ly« Leu Leu Ala Aap Ala Gly He Gin Leu Thr Phe Ala As? 
25 20 25 30 

GTC AAT CAG GTC GTA CTT GAT GCC CTG AAT GCC CGT CAT AGC TAT CAG 145 
Val Aan Gin Val Val Leu Aap Ala Leu Aan Ala Arg Hia Sr ^ Gin 
35 40 45 

30 GTA CAT GTG GTT GGT GAA ACC GAG CAG GTA GAT ACC GOT Ten arc r<vr i a-> 
val Hia val Val Gly Glu Thr Glu Gin Val Asp Thr v£ Ser §?y vll l " 

55 60 



35 



£n IS S5 £Z t71 ^ T GT ? GTT «e ATT GCT CAG . 241 

Aan Ala Val Ser Ser He Gly Aap Aap Val Val Aap Leu He Ala Gin 



75 



65 70 
GTT GAT TTA GTC ACT ACC CGC GTT GGC CCG GTT GTG CTG GAA CGT ATT 289 

40 ti ^ P ^ val Thr T Sf Val G1 y Pro - val Su SlJ 2J SI 

*° 80 85 90 95 

GCA CCG GCA ATC GCC AAA GGG CAG GTG AAA CGT AAA GAA CAA GGT AAT 337 
Ala Pro Ala He Ala Lya Gly Gin Val Lys Arg Lya Glu ctn Gly Asia 
100 105 HO 

GAA TCC CCG CTG AAC ATC ATC GCC TGT GAA AAC ATG GTA CGC GGT ACC 385 
Glu Ser Pro Leu Aan lie He Ala Cya Glu Aan Se? VaY Sg Sy " 
115 120 125 

iSS Sf5 J**" ^ C CAT GTG ATG AAC GCC CTG CCG GAA GAC GCC AAA 433 
Thr Gin Leu Lya Gly Hia Val Met Aan Ala Leu Pro Glu Aap Ala Lya 

GCG TGG GTA GAA GAA CAC GTT GGC TTT GTC GAT TCC GCC GTT GAC CGC 481 
Ala Trp val Glu Glu Hia Val Gly Phe Val Asp Ser Ma Val i£p So 
143 150 155 ' 



45 



50 



55 
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SS SS 2 s s a S « 2* s gi « jg 



25 



45 



170 175 

Sit ?tj JE C =k C = GC ^ TGG ATT GTC GAT AAA ACQ CAG TTC AAA GGC 
val Glu Thr Phe Ser Glu Trp He Val Asp Lys Thr Gin Phe Tly 

185 190 



270 



285 



S?I f** i* C CTG ATT ^ ATT GCC GCT GCA ATG CAC TTC CGC 

Pro His Ly. Aan Leu lie Glu Gly lie Ala Ala Ala Me? £s pie Sg 

330 335 

= E255gEEaE2ES2SE2S 

345 350 



529 



577 



200 205 
215 220 

KgSSS2E5E2£g2» 25SS - 

gass^sgasgfjjssasKKc - 

243 250 255 

5as = gJS5SSgg2SS2535SH 

^ 0 J 



817 



- E3SEa£S25gSSEg?g2E 



35 SSgSSagg2S223:22E' »» 

295 300 



961 



1009 



1057 



- SSEgEE2EE£SS52SE2 - 

" 360 3 65 



55 370 375 



380 
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(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 382 amino acids 

(B) TYPE: amino acid- 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 

Met Lys Ala Leu His Phe Gly Ala Gly Asn He Gly Arg Gly Phe He 
15 10 15 

Gly Lys Leu Leu Ala Asp Ala Gly He Gin Leu Thr Phe Ala Asp Val 



Asn Gin Val Val Leu Asp Ala Leu Asn Ala Arg His Ser Tyr Gin Val 
35 40 45 

His Val Val Gly Glu Thr Glu Gin Val Asp Thr Val Ser Gly Val Asn 
50 55 60. 

Ala Val Ser Ser He Gly Asp Asp Val Val Asp Leu lie Ala Gin Val 
65 70 75 80 

Asp Leu Val Thr Thr Arg Val Gly Pro Val Val Leu Glu Arg He Ala 

85 90 95 

Pro Ala He Ala Lys Gly Gin Val Lys Arg Lys Glu Gin Gly Asn Glu 
100 105 110 

Ser Pro Leu Asn He He Ala Cys Glu Asn Met Val Arg Gly Thr Thr 
115 120 125 

Gin Leu Lys Gly His Val Met Asn Ala Leu Pro Glu Asp Ala Lys Ala 
130 135 140 

Trp Val Glu Glu His Val Gly Phe Val Asp Ser Ala Val Asp Arg He 
145 150 155 160 

Val Pro Pro Ser Ala Ser Ala Thr Asn Asp Pro Leu Glu Val Thr Val 

165 170 175 

Glu Thr Phe Ser Glu Trp He Val Asp Lys Thr Gin Phe Lys Gly Ala 
180 185 190 

Leu Pro Asn He Pro Gly Met Glu Leu Thr Asp Asn Leu Met Ala Phe 
195 200 205 

Val Glu Arg Lys Leu Phe Thr Leu Asn Thr Gly His Ala He Thr Ala 
210 215 220 

Tyr Leu Gly Lys Leu Ala Gly His Gin Thr He Arg Asp Ala He Leu 
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Asp Glu Lys lie Arg Ala Val Val Lys Gly Ala Met Glu Glu Ser Gly 

245 250 255 

Ala Val Leu lie Lys Arg Tyr Gly Phe Asp Ala Asp. Lys His Ala Ala 
260 2.65 270 

Tyr He Gin Lys He Leu Gly Arg Phe Glu Asn Pro Tyr Leu Lys Asp 
275 280 285 

Asp Val Glu Arg Val Gly Arg Gin Pro Leu Arg Lys Leu Ser Ala Gly 
290 295 300 

Asp Arg Leu He Lys Pro Leu Leu Gly Thr Leu Glu Tyr Gly Leu Pro 
JU5 310 315 320 

His Lys Asn Leu He Glu Gly He Ala Ala Ala Met His Phe \rg Ser 

325 330 335 

Glu Asp Asp Pro Gin Ala Gin Glu Leu Ala Ala Leu He Ala Asp Lys 
340 345 350 

Gly Pro Gin Ala Ala Leu Ala Gin lie Ser Gly Leu Asp Ala Asn Ser 
J53 360 365 

Glu Val Val Ser Glu Ala Val Thr Ala Tyr Lys Ala Met Gin 
J70 375 380 

(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1525 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDNA to mRNA 
(iii) HYPOTHETICAL: NO 
(iv) ANTI -SENSE: NO 

(vi) ORIGINAL SOURCE: 

(A) ORGANISM: Mesembryanthemum crystallinum 

(vii) IMMEDIATE SOURCE: 

(B) CLONE: Imtl 

(ix) FEATURE: 

(A) NAME /KEY: CDS 

(B) LOCATION: 47.. 1141 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

AAAAAAAAAA TTTTACTTCT CTGTTTTACC AAAAAGAGAA AAAAAA ATG ACT ACT 55 

Met Thr Thr 
1 

TAC ACC AAT GGC AAC TAC ACA CAA CCA' AAA ACC CTA GAC AAA GAT GAA 103 
Tyr Thr Asn Gly Aan Tyr Thr Gin Pro Lys Thr Leu Asp Ly3 Asp Glu 
5 10 15 

CAA TTA GCT GGT TTG GCA GTG ACA TTA GCA AAT GCA GCT GCT TTT CCA 151 
Gin Leu Ala Gly Leu Ala Val Thr Leu Ala Asn Ala Ala Ala Phe Pro 
20 25 30 35 

ATG ATC CTG AAA TCA GCC TTT GAG CTA AAA ATC CTT GAC ATA TTC TCA 199 
Met lie Leu Lys Ser Ala Phe Glu Leu Lys lie Leu Asp He Phe Ser 

40 45 50 

AAA GCA GGG GAA GGC GTG TTT GTA TCG ACT TCP GAG ATC GCT AGC CAA 247 
Lys Ala Gly Glu Gly Val Phe Val Ser Thr Ser Glu He Ala Ser Gin 
55 60 65 

ATC GGG GCA AAG AAC CCT AAT GCC CCG GTG TTG TTG GAC CGG ATG CTC 295 
He Gly Ala Lys Asn Pro Asn Ala Pro Val Leu Leu Asp Arg Met Leu 
70 75 80 

CGG CTC CTG GCT AGC CAC TCT GTG TTA ACA TGC AAG CTC CAA AAG GGT 343 
Arg Leu Leu Ala Ser His Ser Val Leu Thr Cys Lys Leu Gin Lys Gly 
85 90 95 

GAG GGT GGT TCT CAA AGG GTG TAT GGT CCA GCT CCC CTT TGC AAC TAT 391 
Glu Gly Gly Ser Gin Arg Val Tyr Gly Pro Ala Pro Leu Cys Asn Tyr 
100 105 110 U5 

CTT GCT AGT AAT GAT GGT CAA GGC TCT CTT GGC CCT TTG CTT GTT TTG 439 
Leu Ala Ser Asn Asp Gly Gin Gly Ser Leu Gly Pro Leu Leu Val Leu 
120 125 130 

CAT CAT GAC AAG GTC ATG ATG GAG AGT TGG. TTT CAC TTG AAT GAT TAC 487 
His His Asp Lys Val Met Met Glu Ser Trp Phe His Leu Asn Asp Tyr 
135 140 145 

ATA CTA GAA GGA GGT GTT CCA TTC AAG CGC GCT CAT GGG ATG ATC CAA 535 
He Leu Glu Gly Gly Val Pro Phe Lys Arg Ala His Gly Met He Gin 
150 155 160 

TTC GAC TAC ACT GGG ACT GAT GAA AGG TTC AAT CAT GTG TTC AAC CAA 583 
Phe Asp Tyr Thr Gly Thr Aap Glu Arg Phe Asn His Val Phe Asn Gin 
165 170 175 

GGG ATG GCA CAC CAC ACT ATC CTG GTC ATG AAG AAG CTC CTT GAC AAC 631 
Gly Met Ala His His Thr He Leu Val Met Lys Lys Leu Leu Asp Asn 
180 185 190 195 

TAC AAT GGG TTT AAT GAT GTC AAG GTC CTA GTT GAT GTG GGT GGT AAC 679 . 
Tyr Asn Gly Phe Asn Asp Val Lys Val Leu Val Asp Val Gly Gly Asn 
200 205 210 
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ATT GGT GTC AAT GTG AGC ATG ATC GTC GCT AAG CAT ACT CAC ATT AAG 
He Gly Val Asn Val Ser Met He Val Ala Lys Hi 3 tS S3 ?2 %s 

220 225 

G?v t?S 3? T GAC TTG CCT GTC ATT GCT GAT GCT CCT TCT TAC 

Gly lie Asrj Tyr Asp Leu Pro His Val He Ala A 3 p Ala Pro Ser 

^ JU 235 240 



727 



775 



Pro S3 S3? S AG ^ GT 7 001 GGT ^ ATG T TT GAG AGC ATA CCA CAA 821 
Pro Gly val Glu hm Val Gly Gly Aan Met Phe Glu Ser Ue pS SJ 823 

250 255 

•^05 270 



275 



CAT TGC GTG AAG ATA CTC AAC AAG TGC TAT GAG AGC CTG GCA AAG OTA 
q Hi 3 Cya val Lys lie Leu Aan Lya Cya Tyr Glu Ser 22 Ala Lya Gly 

285 290 

GGG AAG ATC ATC CTT GTG GAA TCG CTT ATA CCA GTA ATr rn r»» n*n 
Gly Ly, u, ue Leu Va! GXu Ser teu xg g£ gj Ue pS SS 
5 300 305 

AAC CTC GAA TCA CAC ATG GTG TTT AGC CTT GAT TGC CAC ACT TTG GTG 
Aan Leu Glu Ser Hia Met Val Phe Ser Leu Aap cja £a J£ 22 vS 

315 320 



919 



967 



1015 



JjQ 335 

SSKgSSSSJSSSSSSSK 1111 

5 350 355 

2S J2 S £ 2 £ % & TGATTCAAGC TCT^TOCT U 6l 

GTGTTGTTGT CATTGTTGCT AGCCCAAGTA GCTAGCTAGC TGGTTAAAAT TTCTCCTACC 1221 
TAGCATTTGT TTTATGGCTA AGTTGAGGAG ATTCATGTAT TGTAAATGTT GTGTTTGGGT 1281 
TTGGGTTTGT ATTTGTATTT GTGTTTTGTT GTTGTGTCTT TGTAGCTAAG TTGATATCCT 1341 
GCTCATCTAG GCTGGCTGCA TTTTTTTTGT GGCTGCCTTA CAATGTAGCA TTTGTGGTTT 1401 
TCTTTCAATA AAGCATCTAT TGTACCTCTG TTATCAGTGT ATGATTTGCC TTTATTTTTA 1461 
ATAACTTAAT TTTTTTTTTC TTGTTTATAT CCAAAAAAAA AAAAAAAAAA AAAAAAAAAA 1521 
AAAC 

1525 
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(2) INFORMATION FOR SEQ ID NO: 4: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 365 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 4: 

Met Thr Thr Tyr Thr Asn Gly Asn Tyr Thr Gin Pro Lys Thr Leu Asp 
15 10 15 

Lys Asp Glu Gin Leu Ala Gly Leu Ala Val Thr Leu Ala Asn Ala Ala 
20 25 30 

Ala Phe Pro Met lie Leu Lys Ser Ala Phe Glu Leu Lys lie Leu Asp 
35 40 45 

lie Phe Ser Lys Ala Gly Glu Gly Val Phe Val Ser Thr Ser Glu lie 
50 55 60 

Ala Ser Gin lie Gly Ala Lys Asn Pro Asn Ala Pro Val Leu Leu Asp 
65 70 75 80 

Arg Met Leu Arg Leu Leu Ala Ser His Ser Val Leu Thr Cys Lys Leu 

85 90 95 

Gin Lys Gly Glu Gly Gly Ser Gin Arg Val Tyr Gly Pro Ala Pro Leu 
100 105 110 

Cys Asn Tyr Leu Ala Ser Asn Asp Gly Gin Gly Ser Leu Gly Pro Leu 
115 120 125 

Leu Val Leu His His Asp Lys Val Met Met Glu Ser Trp Phe His Leu 
130 135 140 . 

Asn Asp Tyr lie Leu Glu Gly Gly Val Pro Phe Lys Arg Ala His Gly 
145 150 155 160 

Met lie Gin Phe Asp Tyr Thr Gly Thr Asp Glu Arg Phe Asn His Val 

165 170 175 

Phe Asn Gin Gly Met Ala His His Thr He Leu Val Met Lys Lys Leu 
180 185 190 

Leu Asp Asn Tyr Asn Gly Phe Asn Asp Val Lys Val Leu Val Asp Val 
195 200 205 

Gly Gly Asn He Gly Val Asn Val Ser Met He Val Ala Lys His Thr 
210 215 220 

His He Lys Gly He Asn Tyr Asp Leu Pro His Val He Ala Asp Ala 



225 



230 



235 



240 



WO 92/19731 PCT/US92/03826 

-43- 

Pro Ser Tyr Pro Gly Val Glu His Val Gly Gly Asn Met Phe Glu Ser 

245 250 255 

He Pro Gin Ala Asp Ala He Phe Met Lys Trp Val Leu His Asp Trp 
260 265 270 

Ser Asp Glu His Cys Val Lys He Leu Asn Lys Cys Tyr Glu Ser Leu 
27 5 280 285 

Ala Lys Gly Gly Lys He He Leu Val Glu Ser Leu He Pro Val He 
290 295 300 

Pro Glu Asp Asn Leu Glu Ser His Met Val Phe Ser Leu Asp Cys His 
305 310 315 F 320 

Thr Leu Val His Asn Gin Gly Gly Lys Glu Arg Ser Lys Glu Asp Phe 

325 330 335 

Glu Ala Leu Ala Ser Lys Thr Gly Phe Ser Thr Val Asp Val He Cvs 
340 345 350 

Cys Ala Tyr Asp Thr Trp Val Met Glu Leu Tyr Lys Lys 
355 360 365 
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CLAIMS 



1. A transgenic plant comprising in its cells as an 
inheritable genetic trait a foreign gene conditioning for 
the expression of an enzyme catalyzing the production of a 
5 polyol in the tissues of the plant from sugars natively 

present in the plant, the polyol not natively produced in 
the tissues of plants of the species. 



2. A transgenic plant as claimed in claim 1 wherein 
10 the polyol is selected from the group consisting of 
ribitol, erythritol, xylitol, arabitol, sorbitol, 
inositol, methyl-inositol, dulcitol, galactitol, heptitol, 
pinitol, ononitol and raannitol 



!5 3. A transgenic plant as claimed in claim 1 wherein 

the enzyme is bacterial in origin. 

4, A transgenic plant as claimed in claim 1 wherein 
the enzyme is from another plant species. 

20 

5. Seed of the plant of claim 1. 



6. A transgenic plant comprising in its cells as an 
inheritable genetic trait or foreign gene conditioning for 

25 the expression of an enzyme catalyzing the production of a 
polyol in the tissues of the plant from substances 
natively present in the plant, the transgenic plant 
accumulating the polyol in its tissues at concentrations 
in excess of ten times that in native plants of the 

30 species. 
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7. A transgenic plant of a species which does not 
natively produce in its cells mannitol in amounts in 
excess of 5 mM, the transgenic plant comprising in its 
cells mannitol in excess, of 10 mM. 



8. A transgenic plant "as claimed in claim 7 wherein 
the plant is a dicot plant. 



9. A transgenic plant as claimed in claim 7 wherein 
10 the plant is tobacco. 



10. A transgenic plant as claimed in claim 7 wherein 
the plant comprises in its genome an expressing foreign 
gene for an enzyme which catalyzes the production of 
mannitol from a sugar which is natively produced in the 
cells of plants of that species. 



15 



11. A transgenic plant as claimed in claim 10 
wherein the enzyme is a bacterial mannitol-l-p 
20 dehydrogenase. 



12. A transgenic plant as claimed in claim 11 
wherein the gene is mtlD . 



25 



13. A transgenic plant as claimed in claim 10 
wherein the foreign gene was introduced into a progenitor 
of the plant by Aqrobacter i iim -mon i plant 
transformation and passed to the plant by Mendelian 
inheritance . 



30 
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14. A transgenic plant comprising in its cells as an 
inheritable genetic trait a foreign gene conditioning for 
the expression of an enzyme catalyzing the production of 
mannitol in the tissues of the plant from a carbohydrate 
5 natively present in the plant. 



10 



15. A transgenic plant as claimed in claim 14 
wherein the enzyme catalyzes the production of 
mannitol-l-P from fructose-l-P. 



IS. A transgenic plant as claimed in claim 14 
wherein the enzyme is a mannitol-l-P dehydrogenase. 



17. A transgenic plant as claimed in claim 14 
15 wherein the enzyme is mlPD . 



20 



18. A transgenic plant as claimed in claim 14 
wherein the foreign gene is hosted in the nuclear genome 
of the plant. 



19. A transgenic plant as claimed in claim 14 
wherein the foreign gene is hosted in the chloroplastic 
genome of the plant. 



25 20. A transgenic plant comprising in its genome a 

foreign genetic construct including a protein coding 
region and flanking regulatory sequences effective to 
express a protein coded by the coding region in the cells 
of the plant , the protein being a bacterial 

30 mannitol- 1 -dehydrogenase enzyme. 



WO 92/19731 PCT/US92/03826 

-47- 

21. A transgenic plant as claimed in claim 20 
wherein enzyme is natively found in E. coli . 



22. a transgenic plant as claimed in claim 20 
wherein the coding region produces a protein homologous to 
that produced by SEQ ID:1. 



23. A transgenic plant comprising in its genome a 
foreign gene expressing a sufficient amount of an enzyme 
capable of catalyzing the production in the cells of the 
plant of a sufficient amount of a sugar alcohol not 
natively produced in a plant of that species so as to 
imbue the transgenic plant with an increased tolerance to 
salt stress. 



24. Seeds of the plant of claim 23. 



20 



25. A method for altering the sugar alcohol 
constituents of a crop plant of a plant species comprising 
introducing into the genome of the crop plant by genetic 
engineering a gene expressing an enzyme which catalyzes 
the production in cells of the plant of a sugar alcohol 
not natively produced in plants of the plant species from 
a sugar which is natively produced in plants of the plant 
25 species. 



26. A method as claimed in claim 25 wherein the 
enzyme is from a bacteria. 



27. A method as claimed in claim 25 wherein the 
polyol is mannitol. 
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28. A method as claimed in claim 27 wherein the 
enzyme in the bacteria reversibly catalyzes the 
dehydrogenation of the mannitol. 

5 

29. A method as claimed in claim 25 wherein the 
genetic engineering is performed using an 
Aorrobacterium - trans formation procedure. 

10 30. A method as claimed in claim 25 wherein the 

enzyme is from a plant. 

31. A method as claimed in claim 25 wherein the 
polyol is ononitol 
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